1. Introduction {#s0005}
===============

It is reported that, rather than the primary tumors, cancer metastasis accounts for more than 90% of all cancer death, including colon and pancreatic cancer [@bib1], [@bib2], [@bib3]. A majority of colon and pancreatic cancer patients with cancer metastasis showed a poor survival rates as cancer cells metastasize to important organs such as the liver or lungs. Various chemotherapy drugs have been used in clinical practice to treat colon and pancreatic cancer metastasis [@bib4], [@bib5]. However, cancer cells' resistance to chemo-drugs has been the major obstacle for successful chemotherapy for colon and pancreatic cancer. For example, colon and pancreatic cancer cells have shown resistance to front-line chemo-drugs such as 5-flurouracil (5-FU) and gemcitabine, respectively [@bib6], [@bib7], [@bib8], [@bib9], [@bib10]. Various complementary strategies such as ω-3 fatty acids have been studied in order to improve the efficacy and safety of chemotherapy [@bib11], [@bib12], [@bib13]. Although ω-6s are more abundant fatty acids in our daily diet (e.g., traditional western diets of ω-6 vs. ω-3 ratio is between \~ 10:1 and 30:1), ω-6-based dietary strategies have not received much attention and have been challenging in cancer treatment as deleterious metabolites (e.g., PGE-2) can be formed from Cyclooxygenase (COX)-catalyzed arachidonic acid (AA, a downstream ɷ-6 fatty acid) peroxidation [@bib14], [@bib15], [@bib16], [@bib17], [@bib18], [@bib19].

COX is a bi-functional membrane bound enzyme with two isoforms: COX-1, the constitutive form; and COX-2, the inducible form that can be readily induced by stresses, growth factors, and pro-inflammatory signals. COX-2 overexpresses in various types of cancers, including colon and pancreatic cancer, and its expression is also positively correlated with cancer invasive potential [@bib20], [@bib21]. COX-2 can metabolize many polyunsaturated fatty acids, e.g. AA and its intermediate upstream dihomo-γ-linolenic acid (DGLA) to 2-series and 1-series prostaglandins (e.g., PGE-2 and PGE-1). Although PGE-1 has been reported to possess some beneficial effects on human health [@bib22], [@bib23], we found that, even at a high concentration (\~10 µM), PGE-1 showed no anti-cancer effects on cancer cells [@bib24], [@bib25]. On the other hand, the deleterious metabolites (e.g. PGE-2) have been shown to play an important role in promoting cancer metastasis [@bib26], [@bib27], [@bib28]. A variety of COX-2 inhibitors have thus been used to limit the generation of PGE-2 to inhibit cancer metastasis in many types of cancers, including colon and pancreatic cancer [@bib29], [@bib30], [@bib31]. However, COX-2 inhibitors suffer from some safety issues in patients, e.g., increased risks of cardiovascular disease and gastrointestinal injury [@bib32], [@bib33].

Our lab has successfully used liquid chromatography/electron spin resonance/mass spectrometry along with spin trapping technique to characterize the common as well as exclusive free radicals generated from COX-catalyzed AA and DGLA peroxidation [@bib34], [@bib35]. The different structural moiety in DGLA (three C˭C double bond instead of four in AA) results in the formation of a novel free radical byproduct 8-hydroxyoctanoic acid (8-HOA) [@bib24]. Recent studies from our lab showed that 8-HOA can serve as a histone deacetylase inhibitor (HDACi) to inhibit cancer growth in colon and pancreatic cancer cells (e.g. HCA-7 and BxPC-3, both overexpress COX-2) via arresting cell cycle in G1 and promoting cell apoptosis in a p53-dependent or independent manner [@bib25], [@bib36], [@bib37]. Genetic knockdown of delta-5-desaturase (D5D, the key enzyme for converting DGLA to AA) was able to promote formation of 8-HOA from COX-catalyzed DGLA peroxidation which in turn suppressed cancer cell growth and enhance efficacies of many chemo-drugs for colon and pancreatic cancer treatment [@bib36], [@bib37].

Histone deacetylases (HDACs) are enzymes that can catalyze deacetylation of lysine residues of core histone [@bib38], [@bib39], [@bib40]. Increased expression of HDACs have been found in several types of cancers, e.g. colon and pancreatic cancer, which can increase cell proliferation, migration and invasion [@bib39], [@bib40], [@bib41]. For the first time, we demonstrated that 8-HOA, serving as a HDAC inhibitor, not only caused inhibition of cancer cell migration and invasion, but also improved efficacy of chemo-drugs in colon and pancreatic cancer cells. The outcome of our study is expected to provide guidance for developing a new diet care strategy to improve current chemotherapy by taking advantage of abundant dietary ω-6s and commonly overexpressed COX-2 in cancer.

2. Material and methods {#s0010}
=======================

2.1. Cell line and reagent {#s0015}
--------------------------

The human colon cancer cell line HCA-7 colony 29 (European collection of Cell Culture, Salisbury, UK) and pancreatic cancer cell line BxPC-3 (ATCC, Manassas, VA), both overexpressing COX-2, were used in this study for testing cell migration and invasion upon treatments (e.g. 8-HOA, DGLA and chemo-drugs). HCA-7 was grown in Dulbecco\'s Modified Eagle\'s medium, while BxPC-3 was grown in RPMI-1640 medium (Thermo Fisher Scientific, UT, USA), both supplemented with 10% fetal bovine serum (Thermo Fisher Scientific, UT, USA). Cells were cultured in an incubator containing a 95% humidified atmosphere with 5% CO~2~ at 37 °C.

CelLytic™ lysis reagent, 8-HOA, 5-fluorouracil, D5D primary antibody (from rabbit) and β-actin primary antibody (from mouse) were obtained from Sigma-Aldrich (MO, USA). DGLA was purchased from Nu-Chek-Prep (MN, USA). Gemcitabine was purchased from Cayman Chemicals (MI, USA). Pierce ECL western blot substrates and Lipofectamine™ RNAiMAX transfection reagent were obtained from Thermo Fisher Scientific (MA, USA). X-ray film was purchased from Phoenix Research Products (NC, USA). COX-2 primary antibody (from rabbit) was acquired from Abcam (MA, USA). All other primary antibodies and secondary antibodies were obtained from Cell Signaling (MA, USA).

DNA oligos encoding D5D-targeted shRNA with sequence of TGCTGTAATCATCCAGGC-CAAGTCCAGTTTTGGCCACTGACTGACTGGACTTGCTGGATGATTA (top strand) and CCTGTAATCATCCAGCAAGTCCAGTCAGTCAGTCAGTGGCCAAAACTGGACTTGGCCTGGATGATTAC (bottom strand) were designed (using BLOCK-IT™ RNAi Designer, [www.invitro gen.com/rnai](http://www.invitrogen.com/rnai){#ir0005}) and obtained from Integrated DNA Technologies (IA, USA). pcDNA™ 6.2-GW/EmGFP-miR vector was purchased from Invitrogen (NY, USA).

2.2. ShRNA transfection {#s0020}
-----------------------

The DNA oligos encoding D5D-targeted shRNA were cloned into pcDNA™ 6.2-GW/EmGFP-miR vector and transformed into E. coli. The shRNA expressed vector was extracted and transfected into cells using X-tremeGENE HP DNA Transfection Reagent (Roche). Cells transfected with negative control shRNA (NC-sh) were used as controls.

2.3. Wound healing assay {#s0025}
------------------------

Wound healing assay was used to assess cell migration of both cancer cell lines upon treatments (e.g. 8-HOA and DGLA). Negative control shRNA transfected (NC-sh) or delta-5-desatuarse knockdown (D5D-*KD*) HCA-7 and BxPC-3 cells were seeded 1×10^6^ cells per well (6-well plate). After the cells reached 90% confluence, the cells were wounded by scratching with a sterile pipette tip and washed by phosphate buffered saline (PBS) subsequently to eliminate the impaired cells. The medium was changed to medium with 1% fetal bovine serum. The cells were subjected to different treatment (e.g. 8-HOA and DGLA) and observed for 48 h. The wound area was measured using Image-J software (NIH, Bethesda, MD, USA). The wound area percentage was calculated as the wound area from 24 h or 48 h vs. the wound area from 0 h in each group.

2.4. Transwell assay {#s0030}
--------------------

Transwell migration assays were performed to assess cancer cell migration upon treatments (e.g. DGLA and chemo-drugs) in transwell chamber with the non-coated membrane (24-well insert, pore size: 8 mm, Corning, Life Sciences). 5×10^4^ cells were plated in the top chamber and incubated overnight to allow the cells to attach. For invasion assays, 5×10^4^ cells from both cell lines were plated in the top chamber with Matrigel-coated membrane. Medium without serum was added to the upper chamber, and the medium containing 10% fetal bovine serum was added in the lower chamber. After 48 h, the cells were fixed in 10% neutral buffered formalin solution for 30 min and stained with 0.05% crystal violet solution for 30 min, and the cells that invaded through the pores to the lower surface of the inserts were counted under an inverted microscope.

2.5. HDAC activity assay {#s0035}
------------------------

HDAC activity assay was measured using HDAC activity assay kit (BioVision, Pal Alto, USA) according to manufacturer\'s instructions. Briefly, after cells treated with 8-HOA, nuclear proteins were extracted with NE-PER™ nuclear and cytoplasmic extraction reagents (Thermo Fisher Scientific, UT, USA). Nuclear extracts were incubated with HDAC substrate at 37 °C for 1 h and then lysine developer was added to the mixture and incubated for 30 min at 37 °C. The plate was read at 405 nm on a microplate reader. The HDAC activity in HCA-7 and BxPC-3 cells without 8-HOA treatment was set to 100% for controls.

2.6. Western blot {#s0040}
-----------------

After cancer cells were subjected to different treatments (e.g. 8-HOA, ω-6s and chemo-drugs) for \~48 h, cells were collected and lysed using CelLytic™ lysis reagents. Cell lysates were quantified by protein assay (Bio-Rad) and loaded into each well of 10% or 15% SDS-PAGE gels After electrophoresis, proteins on gels were transferred to nitrocellulose membranes using BioRad Mini Trans-Blot^®^ Cell. Membranes were blocked with 5% (w/v) non-fat milk and then incubated with primary antibodies (1:1000 dilution) overnight at 4 °C with continuous rocking. Membranes were washed 3 times and then incubated with horseradish peroxidase (HRP)-conjugated secondary antibody (1:2000 dilution). After washed 3 times, the membranes were incubated in ECL western blot substrates for 1 min, and exposed to X-ray film. Luminescent signals were captured using a Mini-Medical Automatic Film Processor (Imageworks).

2.7. Gas chromatography/mass spectrometry detection of 8-HOA {#s0045}
------------------------------------------------------------

Gas chromatography/mass spectrometry analysis was used to quantify 8-HOA (in its derivative of pentafluorobenzyl bromide) generated from D5D-*KD* and NC-sh transfected HCA-7 and BxPC-3 cells treated with DGLA as described elsewhere [@bib36], [@bib46]. Briefly, after DGLA treatment (48 h), the cells were scraped into \~1.0 mL medium and added with methanol containing internal standard (hexanoic acid) and 50 μL of 1.0 N HCl. The mixture was added with 3.0 mL dichloromethane and vortexed, centrifuged to extract 8-HOA, and the dichloromethane layer was collected. The extraction process was repeated again with another 3.0 mL dichloromethane. The dichloromethane layers were combined and evaporated to dryness using a vacuum evaporator and derivatized using diisopropylethylamine and pentafluorobenzyl bromide. After 20 min reaction at room temperature, the solvent was removed by vacuum evaporator and reconstitute with dichloromethane for gas chromatography/mass spectrometry analysis.

Gas chromatography/mass spectrometry analysis was carried out by injecting each sample into an Agilent 6890 A gas chromatograph. The temperature of gas chromatography oven is programmed from 60 to 300 °C at 25 °C/min. The injector and transfer line were kept at 280 °C. Quantitative analysis was performed by a mass selective detector with a source temperature of 230 °C and nebulizer pressure of 15 psi. The quantification of 8-HOA (in pentafluorobenzyl bromide derivative form) was calculated by comparing its base peak (*m/z* 181) with the base peak of internal standard (hexanoic acid- pentafluorobenzyl bromide derivative).

2.8. Statistic analysis {#s0050}
-----------------------

Statistic analysis was performed using Student\'s unpaired *t*-test (two-tailed) on all data. A statistically significant difference was considered with a p value \<0.05.

3. Results {#s0055}
==========

3.1. 8-HOA inhibits cancer cell migration {#s0060}
-----------------------------------------

Colon cancer cell line HCA-7 was used to test whether direct treatment of 8-HOA could inhibit migration of cancer cells overexpressing COX-2. After treatment of 8-HOA (1.0 µM) for 48 h, cell migration was significantly inhibited with the wound area \~73.0% compared to control \~47.4% ([Fig. 1](#f0005){ref-type="fig"}A andB), consistent with increased expression of acetyl histone H3 (HDAC substrate) and decreased expressions of matrix metalloproteinase-2 (MMP-2) and MMP-9, two proteins involved in degradation of extracellular matrix ([Fig. 1](#f0005){ref-type="fig"}C). Our study indicated that 8-HOA could inhibit histone deacetylase, and then suppress breakdown of extracellular matrix and cancer cell migration.

Pancreatic cancer cell line BxPC-3 was also used to assess the effect of 8-HOA (1.0 µM) on cancer cell migration. Upon treatment 8-HOA, cell migration of BxPC-3 was significantly suppressed (wound area \~81.1% at 48 h compared to control \~ 58.3%, [Fig. 2](#f0010){ref-type="fig"}A and B), associated with increased expression of acetyl histone H3 as well as decreased expressions of MMP-2 and MMP-9 ([Fig. 2](#f0010){ref-type="fig"}C), indicating that 8-HOA could also inhibit HDAC and cancer migration in BxPC-3 cells.

HDAC activity assay was also conducted to test the effect of 8-HOA on HDAC activity in HCA-7 and BxPC-3 cells. About 40--55% of HDAC activity was inhibited in HCA-7 and BxPC-3 cells upon treatment of 8-HOA (0.5--1.5 µM) compared to the cancer cells without 8-HOA treatment, suggesting that 8-HOA could also inhibit HDAC activity.

3.2. D5D-*KD* promotes 8-HOA formation from COX-catalyzed DGLA peroxidation {#s0065}
---------------------------------------------------------------------------

In previous studies, our strategy (i.e. D5D-*KD* and DGLA supplement) promotes formation of 8-HOA from COX-catalyzed DGLA peroxidation to the threshold level (above 0.5 µM) and thus inhibits cancer cell growth [@bib36], [@bib37]. When HCA-7 cells were transfected with shRNA to knock down D5D for DGLA metabolism manipulation, \~75% expression of D5D was inhibited in shRNA transfected HCA-7 cells compared to the cells transfected with NC-sh ([Fig. 3](#f0015){ref-type="fig"}A). 8-HOA (PFB-derivative form) generated from both D5D-*KD* and NC-sh HCA-7 cells treated by DGLA 48 h was measured by GC/MS [@bib36], [@bib37]. In D5D-*KD* HCA-7 cells, the endogenous 8-HOA maintained above the threshold level 0.5 µM [@bib36], [@bib37] during 48 h treatment due to continuous COX-catalyzed peroxidation ([Fig. 3](#f0015){ref-type="fig"}C). However, endogenous 8-HOA never reached 0.5 µM in NC-sh transfected HCA-7 cells upon DGLA treatment for 48 h.

Similarly, BxPC-3 cells were transfected with shRNA to knockdown D5D and about 70% D5D expression was inhibited ([Fig. 3](#f0015){ref-type="fig"}B), and the level of 8-HOA in D5D-*KD* BxPC-3 cells upon 48 h DGLA treatment was consistently high above 0.5 µM. However, similar to the profile of 8-HOA observed in NC-sh HCA-7 cells, the level of endogenous 8-HOA never accumulated above 0.5 µM from NC-sh BxPC-3 cells ([Fig. 3](#f0015){ref-type="fig"}D).

3.3. Formation of threshold level of 8-HOA is essential for suppressing cancer migration {#s0070}
----------------------------------------------------------------------------------------

We further tested whether the formation of threshold level of 8-HOA from D5D-*KD* and DGLA supplement is responsible for inhibiting cancer cell migration. Wound healing assay was used to test the effect of D5D-*KD* and DGLA on cell migration in HCA-7 cells. D5D-*KD* significantly inhibited cell migration in HCA-7 cells treated with DGLA (\~wound area of 75.0% at 48 h compared to control 45.3%, [Fig. 4](#f0020){ref-type="fig"}A).

BxPC-3 cells were used to assess whether the threshold level of 8-HOA formed from our strategy (e.g. D5D-*KD* and DGLA supplement) could inhibit pancreatic cancer migration. DGLA treatment significantly inhibited cell migration in D5D-*KD* BxPC-3 cells (\~wound area of 83.4% at 48 h compared to 55.3% in control) ([Fig. 4](#f0020){ref-type="fig"}B).

3.4. D5D-*KD* enhances the efficacy of 5-FU treatment on colon cancer cells {#s0075}
---------------------------------------------------------------------------

5-FU, an irreversible thymidylate synthase inhibitor, has been used as a common chemotherapy drug for treating colon cancer [@bib47], [@bib48]. However, many colon cancer cell lines have shown resistance to 5-FU [@bib9], [@bib10]. When DGLA and 5-FU were co-incubated with D5D-*KD* HCA-7 cells, DGLA could significantly enhance efficacy of 5-FU on cell migration (transwell migration assay, \~36 cells for co-treatment vs. \~63 for 5-FU only, [Fig. 5](#f0025){ref-type="fig"}A) and cell invasion (number of cells \~43 for co-treatment 5-FU and DGLA vs. \~65 for 5-FU only, [Fig. 5](#f0025){ref-type="fig"}B).

Increased expression of acetyl histone H3 as well as decreased expressions of MMP-2 and 9 were observed in D5D-*KD* HCA-7 cells treated with DGLA, confirming that 8-HOA could act as a histone deacetylase inhibitor ([Fig. 5](#f0025){ref-type="fig"}C). In order to investigate the mechanism of enhanced efficacy of 5-FU behind our strategy (i.e. D5D-*KD* and DGLA), D5D-*KD* HCA-7 cells were treated with 5-FU alone or a combination of 5-FU and DGLA. 5-FU alone could downregulate the expressions of MMP-9, mesenchymal marker vimentin and EMT-inducing transcription factor snail and upregulate the expression of epithelial marker E-cadherin, consistent with other observations [@bib4], [@bib49], [@bib50], [@bib51], [@bib52]. Further decreased expressions of MMP-9, vimentin, snail and further increased expression of E-cadherin were observed when D5D-*KD* HCA-7 cells were co-treated with DGLA and 5-FU ([Fig. 5](#f0025){ref-type="fig"}C) compared to treatment 5-FU alone.

3.5. D5D-*KD* enhances the efficacy of gemcitabine treatment on pancreatic cancer cells {#s0080}
---------------------------------------------------------------------------------------

Gemcitabine, a nucleoside analog, has been used as a front-line chemo-drug for pancreatic cancer treatment [@bib53]. Many pancreatic cancer cells are resistant to gemcitabine through various mechanisms [@bib6], [@bib7], [@bib8]. We found that D5D-*KD* and DGLA treatment could improve the efficacy of gemcitabine on BxPC-3 cells as shown in transwell migration assays (\~63 cells migrated for treatment DGLA plus gemcitabine vs. \~87 for gemcitabine only [Fig. 6](#f0030){ref-type="fig"}A**)**. The transwell invasion assays also showed that co-treatment of DGLA with gemcitabine further inhibited cell invasion in D5D-*KD* BxPC-3 cells (\~40 cells invaded for treatment DGLA plus gemcitabine vs. \~62 cells for gemcitabine alone [Fig. 6](#f0030){ref-type="fig"}B).

Gemcitabine has been shown to suppress cancer migration and invasion by altering MMP-2 expression and EMT protein levels [@bib54], [@bib55], [@bib56], [@bib57], [@bib58]. We found that gemcitabine alone could decrease expression of MMP-2, vimentin and snail as well as increase expression of E-cadherin ([Fig. 6](#f0030){ref-type="fig"}C). When D5D-*KD* BxPC-3 cells were co-treated with DGLA and gemcitabine, further decreased expressions of MMP-2, vimentin and snail as well as further increased expression of E-cadherin compared to treatment gemcitabine alone ([Fig. 6](#f0030){ref-type="fig"}C).

4. Discussion {#s0085}
=============

Our lab previously showed that direct treatment of 8-HOA as well as formation of 8-HOA from D5D-*KD* and COX-catalyzed DGLA peroxidation could inhibit cancer cell growth in colon and pancreatic cancer possibly acting as a histone deacetylase inhibitor (HDACi) [@bib36], [@bib37]. A variety of HDACis have been shown to suppress cancer cell migration and invasion [@bib59], [@bib60], [@bib61]. We thus investigated whether the strategy of D5D-*KD* and DGLA treatment can also inhibit cancer cell migration and invasion.

The concentration of direct 8-HOA treatment is chosen based on our experimental result that 1.0 µM ([Fig. 1](#f0005){ref-type="fig"}A and [Fig. 2](#f0010){ref-type="fig"}A) is an effective concentration among a range of 0.1--10 µM, consistent with the concentration we have tested for inhibiting cancer cell growth as well as the endogenous concentration can be reached upon DGLA treatment [@bib36], [@bib37]. We also detected the levels of 8-HOA in D5D-*KD* HCA-7 and BxPC-3 cells treated with DGLA 48 h using GC/MS. A threshold level of endogenous 8-HOA (\>0.5 µM) was found essential to exert anti-migratory effect on colon cancer cells and pancreatic cancer cells ([Fig. 3](#f0015){ref-type="fig"}C and D), consistent with the threshold level determined for inhibiting cancer cell growth in colon and pancreatic cancer cell [@bib36], [@bib37]. Our results clearly demonstrated that 8-HOA, either exogenous or endogenous, could inhibit cancer metastasis once a threshold level (\>0.5 µM) was reached. We actually tested inhibitory effect of direct treatment of 8-HOA (range from 0.1 to 5.0 µM) on HDAC activity in HCA-7 and BxPC-3 cells. We found that 0.5--1.5 µM can significantly inhibit HDAC activity (40--55%). In addition, we also tested effect of D5D-*KD* and DGLA treatment (*e.g*., promoted formation of 8-HOA) on HDAC activity, which also inhibited \~50% activities for both HCA-7 and BxPC-3 cells.

Our strategy not only resulted in formation of a threshold level of 8-HOA, but also caused alterations in the levels of DGLA, AA and their metabolites PGE1 and PGE2 in D5D-*KD* HCA-7 and BxPC-3 cells treated with DGLA for 48 h, as measured by LC/MS ([Supplement Tables 1 and 2](#s0095){ref-type="fn"}). As the conversion from DGLA to AA was suppressed by D5D-*KD*, higher level of DGLA and formation of PGE1, and decreased level of AA and formation of PGE2, were detected in D5D-*KD* HCA-7 and BxPC-3. However, the direct treatment of concentration levels of PGE1 that could be generated in D5D-*KD* HCA-7 and BxPC-3 cells had no effect on cancer cell growth [@bib24], [@bib25] and migration in this study (data not show). Furthermore, DGLA treatment had no inhibitory effects on cell migration of the NC-sh HCA-7 cells (wound area \~46.2% at 48 h compared to wound area \~44.7% in control, [Supplement Fig. 1](#s0100){ref-type="sec"}A) and NC-sh BxPC-3 cells (\~wound area of 57.9% vs. \~58.1% in control, [Supplement Fig. 1](#s0100){ref-type="sec"}B). These data strongly suggest that 8-HOA formed from COX-2 catalyzed DGLA peroxidation, rather than PGE1 or DGLA, is the anti-cancer metabolite.

In addition, we also did experiments to make sure that our strategy (i.e. D5D-*KD* and DGLA supplement) truly inhibited migration and invasion of living cancer cells. After treatment with DGLA, chemo-drugs and their combination for 48 h, D5D-*KD* HCA-7 and BxPC-3 cells were trypsinized, counted (5×10^4^), and then seeded into inserts for transwell migration and invasion assays. Inhibition of migrated and invaded cancer cells showed the similar results as observed in [Fig. 5](#f0025){ref-type="fig"}, [Fig. 6](#f0030){ref-type="fig"}, indicating that our strategy is actually inhibiting migration and invasion of living cancer cells, instead of dead cells cannot migrate or invade. In this study we demonstrated that 8-HOA can inhibit cell migration and invasion possibly by serving as an HDACi to prevent histone deacetylation to generate relaxed chromatin, thereby allowing transcriptional activation of targeted genes (e.g. MMP-2 and MMP-9, [Scheme 1](#f0035){ref-type="fig"}) [@bib38], [@bib39], [@bib40], [@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib59], [@bib60], [@bib61]. Our study also showed that D5D-*KD* and DGLA treatment could enhance efficacies of 5-FU to inhibit cell migration and invasion in HCA-7 cells by further inhibiting MMP-9, vimentin and snail as well as upregulating expression E-cadherin ([Fig. 5](#f0025){ref-type="fig"}C). On the other hand, the enhanced efficacy of gemcitabine on suppressing D5D-*KD* BxPC-3 cells' migration and invasion upon DGLA treatment was likely associated with further increased expression of E-cadherin and decreased expression of MMP-2, vimentin and snail ([Fig. 6](#f0030){ref-type="fig"}C). Considering that the commonly low efficacy of chemotherapy for colon and pancreatic cancer patients, our strategy can be used to improve many frontline chemo-drugs to kill cancer.

Given that COX-2 is commonly overexpressed or can also be readily induced in cancerous condition in response of growth factors, tumors promotors and cytokines in many types of cancers, our strategy (i.e. D5D-*KD* and manipulated COX-2-catalyzed DGLA peroxidation) would be applied to treatments of all types of cancers. The strategy could also be used to inhibit growth, migration and invasion in the cancer cells with low or deficient COX-2 expression, as 8-HOA (in a paracrine manner) continuously produced from most nearby cancer cells that overexpress COX-2. We have observed that cell migration of wild-type PANC-1 cells (COX-2 deficient) was also inhibited upon 8-HOA treatment (data not show), demonstrating that, in paracrine meaner, 8-HOA can suppress migration of cancer cells regardless the COX-2 expression level.

In general, cancer patients have a much higher expression level of COX than the noncancerous population, and the key isoenzyme COX-2 is also readily induced by various agents, such as growth factors and tumor promoters. Thus, the prostaglandin from AA may continue to form at a deleterious (albeit reduced) level in spite of using COX inhibitors in cancer patients. D5D-*KD* not only prevents the buildup of AA to limit prostaglandin formation, but also promotes DGLA to generate 8-HOA that suppresses cancer growth and metastasis ([Scheme 1](#f0035){ref-type="fig"}). Therefore, the higher expression of COX-2 in cancer is actually a benefit in our strategy rather than a problem.

For the first time, we have demonstrated that high COX-2 expression could be used to improve formation of 8-HOA from DGLA peroxidation via D5D-*KD* for the inhibition of cancer cell migration and invasion, as well as for the improvement of efficacy of chemotherapy. We now can work on a more practical approach to downregulate D5D, e.g., to construct stable RNA nanoparticles harboring D5D siRNA to allow specific delivery of D5D siRNA to cancer cells and tumors. RNA nanoparticles have emerged recently as a new platform for targeted drug, siRNA, miRNA, anti-miRNA and immunomodulator delivery for cancer therapy [@bib62], [@bib63], [@bib64]. The RNA nanoparticles can specifically target cancer with little to no accumulation in healthy tissues, highlighting the benefits of translating RNA nanoparticles for cancer therapy with enhanced targeting efficiency and reduced side effects [@bib62], [@bib63], [@bib64]. The outcome of our work will reinforce our translational efforts to develop a novel ω−6 based dietary anti-cancer strategy in combination with modified COX-2-catalyzed DGLA peroxidation and D5D-mediated ω−6 conversion, and therefore improving the efficacies of chemotherapy.
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![8-HOA inhibited cell migration in HCA-7 cells. **A)** Wound healing assay of HCA-7 cells upon 8-HOA treatment (1.0 µM) for 48 h. The HCA-7 cells treated with vehicle were used as control; **B)** Quantification of wound area in control and 8-HOA treated HCA-7 cells; **C)** Western blot and protein expression level of acetyl histone H3, MMP-2 and MMP-9 in HCA-7 cells treated with vehicle and 8-HOA. Protein expression rate was normalized using β-actin as loading control HDAC activity was also tested in HCA-7 cells treated with 8-HOA (1.0 µM) and \~55% HDAC activity was inhibited (\*: significant difference with p\<0.05 from n≥3 using unpaired student *t*-test).](gr1){#f0005}

![Cell migration of BxPC-3 cells was suppressed by 8-HOA. **A)** Wound healing assay of BxPC-3 cells upon 8-HOA treatment (1.0 µM) for 48 h. The BxPC-3 cells treated with vehicle were used as control; **B)** Quantification of wound area in control and 8-HOA treated BxPC-3 cells; **C)** Western blot and protein expression level of acetyl histone H3, MMP-2 and MMP-9 in BxPC-3 cells treated with vehicle and 8-HOA. Protein expression rate was normalized using β-actin as loading control. HDAC activity was also tested in BxPC-3 cells treated with 8-HOA (1.0 µM) and \~50% HDAC activity was inhibited (\*: significant difference with p\<0.05 from n≥3 using unpaired student *t*-test).](gr2){#f0010}

![D5D-*KD* promoted formation of 8-HOA in HCA-7 and BxPC-3 cells. **A)** Western blot and protein expression level of COX-2 and D5D in NC-sh transfected vs. D5D-*KD* HCA-7 cells. **B)** Western blot and protein expression level of COX-2 and D5D in NC-sh transfected vs. D5D-*KD* BxPC-3 cells. Protein expression rate was normalized using β-actin as loading control; **C)** GC/MS quantification of 8-HOA from NC-sh transfected or D5D-*KD* HCA-7 cells treated with 100 µM DGLA; **D)** GC/MS quantification of 8-HOA from NC-sh transfected or D5D-*KD* BxPC-3 cells treated with 100 µM DGLA. Data represent as mean±SD for n≥3 (\*: significant difference with p\<0.05 using unpaired student *t*-test).](gr3){#f0015}

![D5D-*KD* and DGLA supplement inhibited cell migration in HCA-7 and BxPC-3 cells. **A)** Wound healing assays of D5D-*KD* HCA-7 cells upon DGLA (100 µM, 48 h) treatment vs. controls (without DGLA); **B)** Wound healing assays of D5D-*KD* BxPC-3 cells upon DGLA (100 µM, 48 h) treatment vs. controls (without DGLA) \*: significant difference with p\<0.05 from n≥3 using unpaired student *t*-test.](gr4){#f0020}

![Efficacy of 5-FU on cell migration and invasion in HCA-7 cells was enhanced by D5D-*KD* and DGLA treatment. **A)** Transwell migration assay of D5D-*KD* HCA-7 cells upon treatment of DGLA (100 µM), 5-FU (0.2 mM) alone or 5-FU+DGLA. The D5D-*KD* cells without fatty acid and drug treatment were used as controls; **B)** Transwell invasion assay of D5D-*KD* HCA-7 cells upon treatment of DGLA (100 µM), 5-FU (0.2 mM) alone or 5-FU+DGLA. The D5D-*KD* cells without fatty acid and drug treatment were used as controls; **C)** Western blot and protein expression level of acetyl histone H3, MMP-2, MMP-9, E-cadherin, vimentin and snail from D5D-*KD* HCA-7 cells treated with vehicle (control), DGLA (100 μM), 5-FU (0.2 mM) or 5-FU+DGLA. Protein expression rate was normalized using β-actin as loading control (\*: significant difference vs. control with p\<0.05; and ^\#^: significant difference vs. 5-FU group with p\<0.05 from n≥3 using unpaired student *t*-test).](gr5){#f0025}

![D5D-*KD* and DGLA treatment enhanced efficacy of gemcitabine on cell migration and invasion in BxPC-3 cells. **A)** Transwell migration assay of D5D-*KD* BxPC-3 cells upon treatment of DGLA (100 µM), gemcitabine (0.1 µM) alone or gemcitabine+DGLA. The D5D-*KD* cells without fatty acid and drug treatment were used as controls; **B)** Transwell invasion assay of D5D-*KD* BxPC-3 cells upon treatment of DGLA (100 µM), gemcitabine (0.1 µM) alone or gemcitabine+DGLA. The D5D-*KD* cells without fatty acid and drug treatment were used as controls; **C)** Western blot and protein expression level of acetyl histone H3, MMP-2, MMP-9, E-cadherin, vimentin and snail from D5D-*KD* BxPC-3 cells treated with vehicle (control), DGLA (100 μM), gemcitabine (0.1 μM) or gemcitabine+DGLA. Protein expression rate was normalized using β-actin as loading control (\*: significant difference vs. control with p\<0.05; and ^\#^: significant difference vs. gemcitabine group with p\<0.05 from n≥3 using unpaired student *t*-test).](gr6){#f0030}

![Proposed mechanism of our strategy to inhibit cancer metastasis.](sc1){#f0035}
